We hypothesize that adenovirus (Ad) vector-mediated delivery of the human interleukin-2 (IL-2) cDNA (AdIL2) or the murine IL-12 cDNA heterodimer (AdIL12) would produce high concentrations of cytokines in the local hepatic milieu to induce host responses sufficient to inhibit the growth of experimental colon carcinoma-derived hepatic metastases. Ad vectors administered intravenously, which is a route known to deliver Ͼ90% of the vector to the hepatic parenchyma, achieved significant levels of each cytokine locally, with minimal levels in the sera. To examine the therapeutic effect, the AdIL2 and AdIL12 vectors were evaluated in a hepatic metastasis model that was established by injecting 3 ϫ 10 4 cells from the poorly immunogenic syngeneic C26 colon carcinoma cell line into the right lobe of the livers of BALB/c mice. Animals received AdIL2, AdIL12, or control virus (10 8 plaque-forming units each) intravenously for 2 days after tumor implantation, and tumor growth was compared with naive controls. The AdNull control tumors measured 116 Ϯ 25 mm 2 at 2 weeks. The control virus showed no significant antitumor effect. In marked contrast, both AdIL2 and AdIL12 vectors that were delivered regionally had significant antitumor effects, with AdIL2-treated animals having an average tumor size of 16 Ϯ 8 mm 2 ; AdIL12-treated tumors measured 6 Ϯ 6 mm 2 (P Ͻ .01, both compared with control). Both the AdIL2 and AdIL12 vectors provided a significant survival advantage by log-rank analysis (P Ͻ .01), but only AdIL12 translated into an increase in mean survival from 27 (naive control) to 37 days. To evaluate whether these antitumor effects were T-cell-mediated, splenocytes from AdIL2-treated, AdIL12-treated, and naive control groups were stimulated in vitro with ␥-irradiated C26 tumor cells for 5 days and tested for C26 tumor cell cytolysis by an in vitro cytotoxicity assay. Splenocytes from both AdIL2-and AdIL12-treated animals showed a dose-dependent, T-cell-mediated, specific cytolysis of CT26 cells. AdIL12 and to a lesser extent AdIL2 induced natural killer cell activity, as determined by a dose-dependent increase in lysis of the natural killer-specific target cell YAC-1. Overall, these data suggest that regional Ad-mediated delivery of IL-2 and IL-12 cDNAs may be useful for local tumor control and may warrant further investigation as a potentially useful adjuvant for the treatment of hepatic micrometastasis.
I mmunotherapy for metastatic cancer is directed toward stimulating host defenses to recognize and destroy tumor cells. 1 There are two general approaches to immunotherapy: (a) activation of the immune system to identify specific antigens related to tumors and (b) the nonspecific, general activation of immune effector cells. 2 Although the specific activation approach has the elegance of a "surgical strike," it is limited by the requirement of identification of tumor-specific epitopes and by the heterogeneity of tumor antigens in a polyclonal population of tumor cells. 1, 2 In contrast, nonspecific activation of the immune system avoids the requirement of knowledge of specific antigens but suffers from the problem of nonspecific systemic toxicity.
In vivo gene therapy is one strategy to limit the toxicities of nonspecific immune-activating mediators by directing genes to a localized area so that the gene product is concentrated in the local milieu, achieving sustained high local concentrations of cytokine, with limited systemic exposure. This approach also offers the theoretical potential for an induction of systemic immunity ("in situ vaccination"), similar to approaches using tumor cells transduced with cytokine genes ex vivo as tumor vaccines, to achieve immune enhancement in the proximity of tumor antigens. 3, 4 Most experimental strategies using in vivo gene transfer of cytokine genes target tumor cells directly. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] An alternate approach is to deliver the therapeutic gene to the normal parenchyma of an organ in which the tumor cells are growing. 20 One such application might be microscopic hepatic metastases from colon cancer, a logical target because 30% of all individuals with colon cancer will develop liver metastases within 3 years of initial diagnosis. 21, 22 The current study evaluates such a regional approach to cytokine gene therapy for the treatment of hepatic micrometastases.
Interleukin-2 (IL-2) and IL-12 are both rational choices for organ-directed in vivo gene therapy because of their well-defined immunological profiles and based on the knowledge that the recombinant proteins for each have been used clinically with encouraging results; however, both IL-2 and IL-12 are associated with lifethreatening toxicities when administered systemically. [23] [24] [25] [26] [27] [28] [29] [30] IL-2 is the primary cytokine responsible for the activation and clonal expansion of CD8 ϩ cytotoxic T lymphocytes (CTLs), which are the primary effector cells that target tumors in an antigen-specific manner.
2 IL-12 functions to activate and clonally expand natural killer (NK) cells, which kill tumors in a major histocompatibility complex (MHC)-independent fashion. 31 IL-12 also has a direct effect on CD8 ϩ lymphocytes 31, 32 and induces T helper 1 interferon-␥ secretion, with a resulting augmentation of CTL activity, increasing antigen presentation via unregulated MHC class II on the surface of antigen-presenting cells, and in some cases, MHC class I on the surface of tumor cells. 33 Although not used clinically for colon carcinoma, both IL-2 and IL-12 have been shown to be effective against experimental colonderived tumors. 7,11,34 -37 In the context of these considerations, the present study compares the local antitumor effects and overall survival following adenovirus (Ad)-mediated regional delivery of human IL-2 cDNA and murine IL-12 cDNA to the hepatic parenchyma of mice with established micrometastases derived from a syngeneic colon carcinoma cell line. The data suggest the involvement of a tumor cell-specific cytotoxic T-cell mechanism and a possible role for antigen-independent (NK cell) antitumor mechanisms.
MATERIALS AND METHODS

Ad vectors
The E1a Ϫ , partial E1b Ϫ , and partial E3 Ϫ Ad vector AdIL2 was constructed using the recombination plasmid pCMV.S2 ϩ and the Ad5 pJM17 backbone, as described previously. 38 The AdIL2 vector expression cassette contains the cytomegalovirus immediate early promoter followed by an artificial splice sequence, human IL-2 cDNA (a gift of Bernd Gansbacher, Memorial Sloan-Kettering Cancer Center, New York, NY), and the simian virus 40 polyadenylation sequence. The AdIL12 vector (a gift of Frank Graham, McMaster University, Hamilton, Ontario, Canada) expresses the p35 and p40 subunits of murine IL-12 under the control of the cytomegalovirus promoter; 39 the vector was tested for production of a functional IL-12 protein. 39 The AdCD vector, carrying the Escherichia coli cytosine deaminase (CD) cDNA, served as a control virus, because the CD transgene is not therapeutically active unless combined with the prodrug 5-fluorocytosine. 40 All vectors were amplified and titered as described previously. 41 
Cell line
The colon carcinoma cell line C26 is a weakly immunogenic, chemically induced tumor syngeneic to BALB/c mice (National Institutes of Health Division of Cancer Treatment, National Cancer Institute, Frederick, Md). 34 The cell line was maintained in Dulbecco's modified Eagle's medium (Life Technologies, Grand Island, NY) with 10% fetal bovine sera (Biofluids, Rockville, Md), 50 U/mL penicillin G, and 50 mg/mL streptomycin (Biofluids).
AdIL2-and AdIL12-directed production of human IL-2 in vivo
To evaluate the regional liver delivery of cytokines after systemic administration of Ad vectors, AdIL2 (10 8 plaqueforming units (PFU); n ϭ 3), AdIL12 (10 8 PFU; n ϭ 3), or naive control (n ϭ 3) were delivered intravenously (i.v.) to BALB/c mice. At 72 hours, the livers were removed and homogenized in protein lysis buffer (10 mM tris(hydroxymethyl)aminomethane-HCl (pH 7.4), 2% Triton X-100, 0.025% sodium azide, 0.14 M NaCl, 1 mM phenylmethylsulfonyl fluoride, 30 M leupeptin, 30 M aprotinin, and 30 M pepstatin; Sigma, St. Louis, Mo) using a Polytron homogenizer. Total protein was quantified using a BioRad protein assay (Hercules, Calif). IL-2 and IL-12 tissue levels were quantified per milligram of protein using enzyme-linked immunosorbent assays (ELISAs) (human IL-2 from R&D Systems, Minneapolis, Minn; murine IL-12 from Genzyme, Cambridge, Mass). To assess whether there was a significant systemic leak of IL-2 or IL-12 from the liver into the systemic circulation after vector administration to the liver, blood samples taken at the time of sacrifice by right heart puncture were evaluated for levels of IL-2 or IL-12 per milliliter of serum by ELISA, as described above. 2 ) at 7 days. Tumor area (width ϫ length, mm 2 ) was measured using calipers. 42 The i.v. delivery of Ad vectors leads to infection primarily (Ͼ90%) of liver parenchyma; 43, 44 thus, i.v. delivery of Ad vectors can be used as a paradigm for "regional therapy" in hepatic tumor models. Ad vectors AdIL2 (10 8 PFU; n ϭ 5) or AdIL12 (10 8 PFU; n ϭ 5) or the AdCD control virus (10 8 PFU; n ϭ 5) were injected in a 100-L volume into the lateral tail of mice at 2 days after tumor cell implantation. A fourth group of animals receiving no therapy served as an additional control (n ϭ 5). Tumor burden was assessed at 14 days. To evaluate survival after therapy, mice receiving tumor implantation were subgrouped to receive i.v. AdIL2 (10 8 PFU; n ϭ 12), AdIL12 (10 8 PFU; n ϭ 12), the AdCD control virus (10 8 PFU; n ϭ 11), or no therapy (n ϭ 24) and followed for survival for Յ150 days.
Animal model
Cytotoxic T-cell activity after AdIL12 and AdIL2 delivery in vivo
To determine whether regional AdIL2 or AdIL12 therapy induced specific CTLs, tumors were established as described above; mice were grouped to receive i.v. AdIL2 (10 8 PFU) (n ϭ 3), AdIL12 (10 8 PFU) (n ϭ 3), or no therapy (n ϭ 3) at 2 days after tumor cell implantation as described above. Mice were sacrificed at 12 days after vector delivery, and splenic mononuclear cells were isolated as described previously. 45 Briefly, spleens harvested from each group were minced and ground, sheared with a 19-gauge needle, and passed through a 200-m mesh to remove fibrous tissue. Live lymphocytes were separated from dead cells and red blood cells using FicollPaque (Pharmacia, Piscataway, NJ) density separation, washed, and resuspended in Dulbecco's modified Eagle's medium. Prepared splenocytes were stimulated in vitro for 5 days with ␥-irradiated (50 Gy) C26 cells. The tumor-specific CTL activity in the cultured, primed splenocytes from each group was quantified using a lactate dehydrogenase (LDH) release cytotoxicity assay (Promega, Madison, Wis) against C26 target cells by coincubating effector and target cells at various ratios (6:1-100:1) for 4 hours at 37°C in serum-free medium. LDH was assayed in the supernatant by optical density (OD) at 490 nm, 46 and target cell lysis was calculated as follows: 100 ϫ ([OD of sample Ϫ OD of spontaneous release of LDH from target cells Ϫ OD of spontaneous release of LDH from effector cells]/[OD of maximal release from target cells Ϫ OD of spontaneous release from target cells]). 46 
NK activity
Splenocytes from mice at 7 days after i.v. injection of AdIL12 (10 8 PFU, n ϭ 3), AdIL2 (10 8 PFU, n ϭ 3), AdCD control virus (10 8 PFU, n ϭ 3), or naive control (n ϭ 3) were evaluated for cytolysis of YAC-1 murine hybridoma cells (American Type Culture Collection, Manassas, Va), which serve as a specific target for NK cells. 47 Splenocytes were harvested from the animals in each group and pooled; mononuclear cells were isolated as described above. Fresh, pooled splenocytes from each group were incubated with 10 4 YAC-1 cells in increasing effector to target (E:T) cell ratios (0:1, 10:1, and 100:1) for 4 hours at 37°C in serum-free medium. LDH was assayed in the supernatant by OD, and target cell lysis was calculated as described for the CTL assay.
Statistical analysis
Data are presented as mean Ϯ SEM. All comparisons were made using an unpaired two-tailed Student's t test. Survival advantage was measured using the log-rank test.
RESULTS
Ad-mediated liver production of IL-2 and IL-12
To evaluate the production of IL-2 and IL-12 within the hepatic parenchyma following a single dose, the systemic delivery of AdIL2 or AdIL12, IL-2, and IL-12 was quantified at 72 hours in the liver and compared with naive controls. The livers of AdIL12-treated mice contained large amounts of IL-2 (P Ͻ .01 compared with naive controls; Fig 1) ; the livers of AdIL12-treated mice contained large amounts of IL-12 (P Ͻ .01 compared with naive controls). In contrast, the AdIL2-treated animals had only a minor increase in sera IL-2 levels, which were not significantly different from the controls (P ϭ .5). Sera from AdIL12-treated animals contained IL-12 levels similar to the naive controls (P Ͼ .1). These observations demonstrate that there is local production of the therapeutic cytokines within the liver after administration of the relevant Ad vector, although the pharmacokinetic levels of tissue are undoubtably complex.
Antitumor activity of regionally delivered AdIL2 and AdIL12 Syngeneic CT26 colon carcinoma cells grow in the liver in a reproducible manner, with tumors of 100 -130 mm 2 growing in 14 days (Fig 2) . The tumors grew to a comparable size in mice receiving the control vector (P Ͼ .1). In contrast, mice receiving AdIL2 had a marked clearance in liver tumor burden (P Ͻ .01), as did mice receiving AdIL12 (P Ͻ .01). There was no difference in the tumor burden of the animals receiving AdIL2 or AdIL12 (P Ͼ .1).
Median survival
To evaluate whether the reduction in tumor burden at 2 weeks translated into a survival advantage, mice were grouped as described above and monitored until death (Fig 3) . The median survival of naive mice (24 days) was similar to that for mice receiving the control vector (27 days). The median survival of the mice receiving AdIL2 was 28 days. AdIL12 increased the mean survival to 38 days. Although the mean increase in survival after AdIL2 therapy was marginal, both AdIL2 and AdIL12 therapies provided a statistically significant survival advantage as measured by log-rank analysis (P Ͻ .01 for both AdIL2 and AdIL12 compared with the control). There was one apparent cure (Ն150 days) in the AdIL2-treated group.
Cytotoxic T-cell activity after AdIL12 and AdIL2 delivery
To assess whether regional delivery of AdIL2 and AdIL12 to liver-bearing micrometastases was capable of inducing specific T-cell-mediated immunity, splenocytes from AdIL2-treated animals, AdIL12-treated animals, and "untreated tumor-bearing" controls were tested for C26 tumor cell-specific cytolysis. Splenocytes from both AdIL2-and AdIL12-treated animals showed a dosedependent T-cell-mediated response, indicating that both vectors are capable of inducing T-cell immunity when delivered in vivo in the milieu of micrometastatic disease (Fig 4) . 
NK activity after AdIL2 and AdIL12 delivery
To assess the ability of AdIL2 and AdIL12 to induce NK cell activity in vivo, naive (non-tumor-bearing) splenocytes from mice that had received a single dose of AdIL2, AdIL12, or control virus were evaluated for the percentage of specific lysis of the NK-specific target cell YAC-1 (Fig 5) . AdIL12 delivery induced marked NK cell activity. AdIL2 also induced NK activity, but to a much lesser extent.
DISCUSSION
Based on the well-established antitumor profile of IL-2 and IL-12 cytokine therapy, 2,28 the current study explores the potential of delivering the cDNAs of these two cytokines to the hepatic parenchyma to act as a regional therapy for hepatic metastases. Capitalizing on the fact that i.v. delivery of Ad vectors delivers Ͼ90% of the Ad genome to the liver, 43 ,44 the IL-2 and IL-12 cDNAs were delivered to the livers of BALB/c mice using an Ad vector as an experimental regional therapy for established hepatic micrometastases derived from the syngeneic colon cancer cell line C26. The data show that i.v. delivery of AdIL2 and AdIL12 yields significant levels of each cytokine within the hepatic parenchyma, with no concomitant increase in sera levels. Therapeutically, both vectors are capable of reducing tumor burden in the liver by a significant margin. In addition, both therapies yielded a significant survival advantage by log-rank analysis, although only AdIL12 treatment translated into a increase in mean survival. The mechanisms of antitumor effect of both vectors are associated with the generation of tumor-specific cytotoxic T cells as well as NK cell activity. The relative increase in cellmediated immunity (both T-cell and NK activity) associated with AdIL12-treated animals compared with AdIL2-treated animals in these in vitro assays suggests a therapeutic advantage of AdIL12 therapy, although these in vitro differences were not reflected in the relative suppression of tumor growth. However, these data could help to explain the relative increase in mean survival after AdIL12 therapy compared with AdIL2 therapy.
In vivo Ad-mediated cytokine regional expression in hepatic parenchyma Cytokine therapy for cancer is intended to direct host immunity to tumor cells. 1 Serial administrations of recombinant cytokines have been used experimentally and clinically with some therapeutic success, but also with unwanted systemic toxicity resulting from supranormal circulating levels of cytokines following high dose bolus delivery or the narrow therapeutic index of sustained infusion. 23-25,28 -30,43,48,49 Gene therapy is a strategy in which cytokines can be produced at sustained doses in a paracrine fashion and localized to the site organ of the tumor. 1,3-19,50 -54 Ex vivo gene therapy vaccine strategies use cytokine gene-modified tumor (or normal) cells to enhance host immunity at the site of the tumor cells and at tumor foci at distant sites. 50 -54 In vivo strategies target tumor cells in situ, without having to modify cells ex vivo. In vivo gene therapy has been carried out using IL-2 and IL-12 cDNAs in experimental tumor models. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] This approach strives to enhance the immune recognition of tumor cells at the site of the primary tumor and may induce systemic antitumor immunity that is effective at distant sites. 6, 10 The current study evaluates the use of in vivo cytokine gene therapy for microscopic metastases localized within a single organ. However, the approach is different from that used in prior studies. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Rather than directing the gene therapy to the tumor mass, the gene therapy is directed toward the organ overall. Regionally directed in vivo gene therapy offers an approach to treat microscopic disease without having to target tumor cells directly. Experimentally, regional delivery to the hepatic parenchyma of small animals using Ad vectors can be accomplished by intravenous, intraportal, or intrahepatic arterial injection of vector. [42] [43] [44] 55 Importantly, there is minimal risk from the Ad vector per se, with systemic (i.v.) administration of Յ10 9 PFU Ad vectors to mice inducing only mild, self-limited inflammation within the hepatic parenchyma. 20 Although it is possible that the inflammatory mediators associated with Ad vector infection per se (not measured in these studies) might contribute to the therapeutic effects seen with AdIL2 and AdIL12 administration, Ad vector-mediated inflammation is unlikely to play a significant role; Ad vector alone (at 10 8 PFU) had no independent therapeutic effect. Comparisons of the efficacy and toxicity of this therapy to that of systemically administered cytokines remain to be evaluated. Another strategy of locally administered gene therapy to the normal liver parenchyma includes the hepatic delivery of the gene for the prodrug CD. 20, 42 Survival and induction of systemic immunity The potential for the induction of systemic antitumor immunity after in vivo regional therapy of AdIL2 or AdIL12 for micrometastases is suggested by the finding of specific CTLs directed against parental tumor cells in vitro. The induction of NK cells by AdIL12 and to a lesser extent AdIL2 that was observed after i.v. delivery of these vectors may offer systemic antitumor immunity in an MHC class I-independent fashion. However, it can be seen through survival experiments that in vivo antitumor immunity after a single dose of these Ad vectors is insufficient to effect a cure in this model. Although both therapies show a significant survival advantage by log-rank analysis and a similar reduction of tumor burden at 2 weeks, it is unclear why there is a discrepancy between the mean survival advantage seen in AdIL12-treated animals and the advantage seen in AdIL2-treated animals. One explanation is that the measurement of tumor area at 2 weeks may not reflect actual differences in viable cell number within the hepatic tumors; fewer viable cells present within the AdIL12-treated tumors would lead to a significant delay of the growth curve of these tumors, and thus mortality, when compared with AdIL2-treated mice and controls. Alternatively, IL-12 expression may induce or potentiate lasting immunity through its effects on antigen-presenting cells and T helper 1 cells, which are important in maintaining immune memory. 2 In contrast, IL-2, whose antitumor effects are thought to result from direct stimulation of effector cells, acts to bypass rather than augment these mechanisms of cellular immunity. 34, 37 A combination of these two cytokines is logical and has been shown to augment the antitumor effects of either cytokine alone. 56, 57 This combination may offer further significant antitumor immunity through increases in effector cell number and function and remains to be explored using a regional in vivo approach. The current study nonetheless offers an additional approach for local control of tumors, with the potential for systemic immunity; further benefit may be gained experimentally with less aggressive and more immunogenic tumor cell lines and potentially with primary tumors in a clinical setting.
